The mononuclear phagocytic system constitutes an important effector mechanism in the natural and adaptative immune responses against several pathogens. Kashino et al. (25) suggested that macrophages (Ms) play a fundamental role in resistance to the dimorphic fungus Paracoccidioides brasiliensis, the etiological agent of paracoccidioidomycosis (PCM), one of most common systemic mycoses in Latin America (17, 39) .
Previous studies have demonstrated that murine peritoneal Ms activated with the cytokine gamma interferon (IFN-␥) exert a fungicidal effect on both yeast and conidial forms of P. brasiliensis (5, 8, 9) . These findings also suggested that cytokines, especially IFN-␥, play an important protective role in resistance to PCM, as demonstrated recently by Cano et al. (10) using IFN-␥ depletion in intratracheally infected A/Sn and B/10.A mice. This depletion caused an exacerbation of pulmonary infection and earlier dissemination to the liver and spleen of both resistant (A/Sn) and susceptible (B/10.A) animals. Additionally, it was shown that killing was independent of the oxidative burst products (5) .
Ms activated by IFN-␥, tumor necrosis factor alpha (TNF-␣), or lipopolysaccharide (LPS) produce two kind of reactive products characterized by their cytotoxic activity: reactive oxygen intermediates and reactive nitrogen intermediates (RNI) (16, 36) .
Nitric oxide (NO), one of the most important RNI, is generated by the oxidation of one of the nitrogens in the amino acid L-arginine (21, 22) . The inducible nitric oxide synthase (iNOS) is responsible for NO production and is involved in inflammation and infection (30) . There is no evidence that in Ms iNOS can be expressed without previous intervention of cytokines (such as IFN-␥) and microbial products, such as LPS.
More direct evidence for the role of iNOS has been afforded by the identification of relatively selective, nontoxic compounds that inhibit this enzyme. Aminoguanidine a nucleophilic hydrazine compound whose methylation results in the loss of both potency and selectivity for iNOS (14) , has been identified as an iNOS-selective inhibitor. N G -monomethyl-Larginine acetate salt (LNMMA), another NO inhibitor, has been shown to antagonize the L-arginine-dependent cytotoxicity on activated Ms (20) . Additionally, arginase (ARG) acts directly on the specific substrate, L-arginine, blocking the reaction.
Experimental models have demonstrated that NO is responsible for the cytotoxic effect exerted on a variety of microorganisms, including certain parasites, such as Schistosoma mansoni (23) , Leishmania major amastigotes (4, 19, 29, 31) , Trypanosoma cruzi (34, 37) , and Plasmodium falciparum and P. chaubaudii (12, 42) and several fungi, such as Cryptococcus neoformans (18) , Histoplasma capsulatum (27, 35) , the hyphal form of Candida albicans (1) , and the yeast form of Penicillium marneffei (26) . However, NO does not appear to be involved in the fungicidal activity of murine or human alveolar Ms against other fungi such as Aspergillus fumigatus conidia (32, 41) and Pneumocystis carinii (40) .
The purpose of this work was to determine if the cytotoxic effect exerted by recombinant IFN-␥ (rIFN-␥)-activated murine peritoneal Ms against intracellular P. brasiliensis conidia is mediated by an NO production mechanism. Additionally, we attempted to determine if NO produced by these activated Ms was directly responsible for the cytotoxic effects observed previously (8, 9) . air for 2 h; then the nonadherent cells were removed by aspiration, and the adherent monolayers were rinsed with RPMI 1640. The number of nonadherent cells was determined and subtracted from the number of incubated PC. Approximately 2 ϫ 10 5 adherent cells per chamber formed a monolayer (8, 9) . Treatment of M monolayers. M monolayers were kept overnight at 37°C in 5% CO 2 -95% air and treated with 0.25 ml of CTCM or CTCM containing different concentrations of rIFN-␥ (10 to 200 U/ml). When anti-IFN-␥ MAb and NO inhibitors were used, they were diluted in CTCM and then added to the monolayer at different concentrations (41.7 to 333.3 ng/ml for MAb; 1.0 to 10 U/ml for ARG; and 0.05 to 1.0 mM for LNMMA and AG).
Infection of Ms. Conidia were suspended in 2 ml of CTCM containing 30% (vol/vol) fresh mouse serum from the same normal BALB/c mice used to obtain Ms. Conidial suspensions were incubated at 37°C for 20 min for opsonization to take place (7) . M monolayers were infected with 0.02 ml of the conidial suspension, which gave a conidium-to-M ratio of 1:10 (8, 9) .
Time course measurements. The above cocultures were incubated at 37°C in 5% CO 2 -95% air for 24, 48, 72, and 96 h. After each incubation period, duplicate sets of culture supernatants were withdrawn and stored at Ϫ70°C for NO determination. The slides were fixed with absolute methanol, air dried, and stained by the silver methenamine (Gomori) or modified Wright (Sigma) technique.
Microscopic determination of intracellular transformation. Over 200 intracellular P. brasiliensis fungal cells were examined per monolayer, and the morphology of the fungus, e.g., conidium, yeast cells, or multiple budding yeasts, was recorded ( Fig. 1) . Percent transformation was calculated as number of intracellular yeast cells/200 intracellular fungal cells ϫ 100.
CFU determination. After incubation of cocultures at 37°C in 5% CO 2 -95% air for 6, 7, and 8 days, cells were harvested by aspiration and washed with distilled water to lyse Ms. Each coculture supernatant and the corresponding washings were mixed to a final volume of 1 ml. The total volume of each well was plated on Sabouraud dextrose agar, modified (Mycosel; BBL). Plates were incubated at 18°C, and colonies were counted daily until no increase in CFU was observed. Percent fungicidal activity was calculated as 100 Ϫ (experimental CFU ϫ 100)/control [M without rIFN-␥] CFU).
NO determination. The concentration of NO 2 in the culture supernatant was used as an indicator of NO generation and measured with the Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, 2.5% H 3 PO 4 ) (15) . Briefly, 50 l of the coculture supernatants was added to an equal volume of the Griess reagent in triplicate wells of a 96-well microplate (catalog no. 3075; Falcon, Lincoln Park, N.J.). After incubation at room temperature for 10 min, absorbance (540 nm) was determined in a Labsystems Multiskan MCC/ 340 microplate reader. NO 2 was determined by using sodium nitrite as a standard (15) .
Statistical analysis. Results are expressed as the mean Ϯ standard deviation for at least three duplicate experiments (n ϭ 6). Comparisons between groups were analyzed by the Student t test using the Pearson product moment correlation (program STATISTICA for Windows, version 4.0), with the significance level assumed to be P Ͻ 0.05. Additionally, the correlation between NO production and transformation of P. brasiliensis conidia (as log value) was calculated; 
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on October 22, 2017 by guest http://iai.asm.org/ NO production was considered the independent variable (the x axis), and the log of transformation was considered the dependent variable (the y axis). Effect of rIFN-␥ activation of Ms on the transformation of intracellular P. brasiliensis conidia. Compared with nonactivated Ms, the addition of rIFN-␥ resulted in significant (P Ͻ 0.0001) dose-dependent inhibition of the conidium-to-yeast transformation process (Fig. 3A) . Maximal inhibition was observed in monolayers activated with 50 U of this cytokine per ml. To determine whether the inhibitory effect exerted by rIFN-␥-activated Ms on intracellular conidia was mediated directly by this cytokine, we conducted experiments involving the addition of anti-IFN-␥ MAb. Initially, we determined if the various concentrations of the MAb to be used were nontoxic for the cocultures after 96 h of incubation. Similar transformation values were observed in both MAb-treated and controls with no MAb. When MAb was added to the cytokine-activated monolayers, we observed a significant (P Ͻ 0.0001) increase in the conidium-to-yeast transformation (42%) in comparison with the cytokine-activated monolayers without MAb (3%). Values were similar to those of controls without rIFN-␥ but with MAb. On the other hand, the addition of different concentrations (10 to 200 U/ml) of rIFN-␥ to conidia alone did not affect their transformation.
RESULTS
NO production by rIFN-␥-activated Ms. We examined NO production by rIFN-␥-activated Ms which had been infected with P. brasiliensis conidia and cocultured for 96 h. As shown in Fig. 3B , nonactivated Ms had only basal production of NO and low NO 2 Ϫ levels. However, when Ms were activated with rIFN-␥, there was a significant (P Ͻ 0.0001) increase in NO production. The maximal NO 2 Ϫ levels observed corresponded to monolayers activated with 50 U of IFN-␥ per ml with high values of 43 Ϯ 13 M. We also determined NO production in the supernatants of Ms that had been activated with the cytokine in the absence of P. brasiliensis conidia; they also showed a significant increase in NO production (33 M) in comparison with both nonactivated and noninfected Ms (5 M).
Since IFN-␥ has been suggested to play a role in M NO production, we attempted to determine if the latter was inhibited by anti-IFN-␥ antibody (36) . Anti-mouse IFN-␥ antibody was used at different concentrations and added to the cultures simultaneously with the cytokine (50 U/ml). The levels of NO 2 Ϫ in the supernatants were assayed at 96 h. NO production was significantly reduced in the cytokine-activated cultures that had been treated with antibody (4 M), in contrast to cocultures activated with the cytokine but not treated with MAb (50 M).
Fungicidal effect of rIFN-␥-activated Ms against P. brasiliensis conidia. Monolayers activated with rIFN-␥ exerted a significant dose-dependent fungicidal activity compared with nonactivated Ms (Fig. 4) . Monolayers activated with different concentrations of rIFN-␥ showed a significant fungicidal activity (P Ͻ 0.001). The maximal fungicidal activity, 71% Ϯ 8%, was observed with monolayers activated with 200 U/ml (P Ͻ 0.001).
Correlation between NO production and transformation of P. brasiliensis conidia. The amount of NO produced by Ms showed an inverse but significant correlation with the percentage of conidia that had transformed into yeast in the monolayer (r ϭ Ϫ0.8975) (Fig. 5) . Data from cocultures showed that when the NO 2 Ϫ levels reached 20 to 70 M, there was complete inhibition of transformation. On the other hand, monolayers that produced lower NO 2 Ϫ concentrations allowed transformation to take place (Fig. 5) .
Effect on the intracellular transformation of P. brasiliensis conidia by the addition of NO inhibitors. The proportions of P. brasiliensis conidia that transformed inside rIFN-␥ (50 U/ml)-activated monolayers after treatment with different concentrations of the NO inhibitors ARG, AG, and LNMMA were determined. As shown in Fig. 6A , the addition of ARG, AG, or LNMMA resulted in significant (P Ͻ 0.0005) reversion of the inhibition process exerted by the cytokine compared to rIFN-␥-activated untreated monolayers. Values were similar to those observed with normal Ms.
Blockage of NO production by addition of ARG, AG, and LNMMA. NO production by rIFN-␥ (50 U/ml)-activated Ms was significantly inhibited when different concentrations of ARG, AG, and LNMMA were added (Fig. 6B ). This inhibition was dose dependent, with total blockage being exerted by the maximal concentration of each of the three inhibitors used. Values obtained were similar to those for nonactivated Ms. A significant (P Ͻ 0.0001) decrease in levels of NO production was recorded in comparison to cytokine-activated, non-inhibitor-treated Ms.
DISCUSSION
This study demonstrates, for the first time, that IFN-␥-induced production of NO renders murine Ms capable of restricting the intracellular growth of P. brasiliensis, indicating that this is an important mechanism displayed by effector cells. Support for this conclusion is provided by the following observations: (i) cytokine-induced production of NO by Ms inhibited the conidium-to-yeast transformation process; (ii) addition of anti-IFN-␥ MAb reverted this inhibitory effect and resulted in blockade of NO production; (iii) rIFN-␥-activated Ms exerted an important fungicidal activity against P. brasiliensis, as shown by a significant CFU reduction in comparison with control, nonactivated Ms; (iv) there was a significant inverse correlation between NO 2 Ϫ levels and fungal transformation; and (v) treatment with any of three different NO inhibitors blocked NO synthesis and reverted the inhibition of the conidium-to-yeast transformation.
The results presented here confirm the protective role of IFN-␥ in PCM, as previously demonstrated by several groups (5, 10, 33) . Thus, this cytokine appears to be a major mediator of resistance against P. brasiliensis infection in mice, as it promotes the antifungal activity of the Ms through NO production.
In human and experimental PCM, several findings suggest that T-cell-activated Ms play a fundamental role in host resistance to P. brasiliensis. When the fungus enters the host, it has to interact with various effector cells (Ms, polymorphonuclear leukocytes, monocytes), and for successful colonization, it should resist their microbiostatic and microbicidal mechanisms. Several groups have studied the interactions of murine and human effector cells, with both the infective conidia and the parasitic yeast forms of P. brasiliensis (5) . Treatment with lymphokine-containing supernatants from mitogen (concanavalin A)-stimulated spleen cells (8) or rIFN-␥ (5)-activated murine peritoneal Ms resulted in potent fungicidal activity against P. brasiliensis. Furthermore, treatment of human monocytes with cytokines, derived from supernatant of ConA-stimulated mononuclear cells and cocultured with the fungus, significantly inhibited multiplication compared to control monocytes (33) . However, killing by activated murine Ms could not be abrogated by superoxide dismutase, catalase, or azide, suggesting that the fungicidal mechanism was independent of the oxidative burst products (5). Our results reveal that in vitro the inhibitory and/or killing mechanism used by activated murine Ms against this pathogen involves NO production, confirming the results obtained in vivo by Bocca et al. (2) suggesting that NO is important in killing. However, during the course of the infection with P. brasiliensis, NO also induces immunosuppression, manifested by a decrease in Ia antigen expression and a depression of the immunoproliferative responses of spleen cells (2, 3) . These NO-induced immunosuppressive effects have been reported previously; it has been shown that NO production influences activated mouse M by restricting T-cell expansion (30) .
It is important to determine if in vivo NO plays a protective role in PCM. Experiments are under way to confirm the expression of iNOS, production of cytokines related to IFN-␥ or TNF-␣, and the effect of treatment with AG on the survival time of BALB/c mice infected intranasally with P. brasiliensis conidia.
The inhibition of P. brasiliensis growth by NO and RNI, as demonstrated in the present study, is in agreement with results obtained for most of the pathogenic fungi that have been studied (reviewed in reference 11). The anti-H. capsulatum activity of rIFN-␥-activated macrophage of the RAW 264.7 cell line depends on the generation of NO from L-arginine and is completely inhibited by the NO inhibitor LNMMA (27, 35) . On the other hand, the inhibition of C. neoformans growth by human cytokine-activated astrocytes was paralleled by production of nitrite and reversed by the inhibitors of the NO synthase, N G -methylmonoarginine and N G -nitroarginine methyl ester (28) . Additionally, it has been demonstrated that interleukin-12 and interleukin-18 synergistically induced NO-dependent anticryptococcal activity of peritoneal cells by stimulating NK cells to produce IFN-␥ (45). Blasi et al. (1) demonstrated that hyphae of Candida albicans, but not yeast cells, were susceptible to the mechanisms employed by murine Ms, which likely involve stable nitrogen-containing compounds. In addition, Vázquez-Torres et al. (43) suggested that NO is candidastatic by itself and is associated (but not involved directly) with other Ms candidacidal agents, such as peroxynitrite (44) .
Other fungi such as P. marneffei (13, 26) and Rhizopus spp. (24) are also susceptible to the effect of nitrogen compounds. Cogliati et al. (13) , working with a cell-free system and in a novel M culture system, demonstrated that in the presence of NO donors or inhibitors, the L-arginine-dependent NO pathway plays an important role in the murine M immune response against P. marneffei (13).
On the other hand, NO does not appear to be involved in the fungicidal activity of either murine or human alveolar Ms against other fungi such as A. fumigatus conidia (32, 41) and P. carinii (40) .
In our model, the results revealed that when peritoneal BALB/c mice Ms were used, rIFN-␥ was able to induce fungicidal activity against P. brasiliensis conidia. Additionally, the inhibition of NO synthesis provoked by the addition of LNMMA, ARG, or AG was accompanied by reversion of the inhibition of fungal transformation. It is suggested that this phenomenon is mediated by production of nitric oxide and is dependent on the L-arginine:NO pathway. Whether lack of conidium-to-yeast transformation observed in vitro reflects the intracellular death of the infective propagules remains to be confirmed. Further studies are required to correlate death with the inability of the conidia to convert to the tissue yeast cell form. 
